PIWI-LIKE 2, a member of the ARGONAUTE protein family, is exclusively expressed in pre-pachytene and pachytene stages of spermatogenesis. PIWI-LIKE 2 acts in the germ cell development and the silencing of retrotransponsons to maintain the genomic integrity and stem cell character. In the present study we investigated DNA methylation as potential mechanism for the regulation of human PIWI-LIKE 2 expression in cell lines related to spermatozoa precursor cells. We detected a high methylation of the PIWI-LIKE 2 promoter in TCam-2 cells, while in NT2/D1 cells the promoter was hypomethylated. Concordantly, PIWI-LIKE 2 expression is higher in NT2/D1 cells than in TCam-2 cells. By demethylation of the promoter with 5 -Aza-2 -deoxycytidine, PIWI-LIKE 2 expression in TCam-2 was increased, while in NT2/D1 no alterations in PIWI-LIKE 2 expression could be detected. In conclusion, we analyzed the DNA methylation driving PIWI-LIKE 2 expression in undifferentiated germ cell tumors and demonstrated an epigenetic basis for PIWI-LIKE 2 expression in this cell type.
INTRODUCTION
Spermatogenesis is a highly coordinated process that involves mitotic and meiotic divisions, as well as cellular differentiation to produce mature spermatozoa from undifferentiated germline stem cells. Sperm development is associated with the establishment of extensive chromatin and epigenetic changes. This process allows genomic chemical modifications that affect gene expression without altering the underlying nucleotide sequence (Cui et al., 2016) . Epigenetic modifications are characterized by the regulation of non-coding RNA, chromatin remodeling, histone modifications and DNA methylation (Stuppia et al., 2015) . DNA methylation occurs at the 5 -position of cytosine residues, typically in the context of CpG dinucleotides, which are associated with promoter regions of genes in about 60-80% (Seisenberger et al., 2013; Liyanage et al., 2014) . Methylation of CpG sites leads to transcriptional gene silencing in consequence of an altered condensation status of the chromatin. Genomic methylation profiling analysis reveals cell type specific methylation patterns, which result in cell-type specific differential gene expressions and thus differentially regulated tissue-specific processes. Methylation marks for proper male gametogenesis are established during genomic reprogramming in early embryonic development and indicate an exclusive genetic profile of male germ cells compared to somatic tissues (Santos et al., 2002; Bourc'his and Bestor, 2004) .
Another factor for successful male germ cell development is the coordinated and timely expression of the members of the PIWI-LIKE gene family, the germ line specific subclade of the Argonaute proteins. These proteins are characterized by the presence of their evolutionarily conserved PAZ (PIWI-ARGONAUTE-ZWILLE) and PIWI (P-element induced wimpy testis) domains (Cox et al., 1998; Cerutti et al., 2000) . These structural features function in transcriptional and posttranscriptional control by binding to small RNAs. Thereby PAZ domain is responsible for 3'-end recognition of the bound small RNA, whereas the PIWI domain is involved in mRNA target binding and cleavage (Song et al., 2004; Jinek and Doudna, 2009) . PIWI-LIKE proteins are known to bind a distinct class of small RNAs. These small RNAs, called piRNAs (piwi-interacting RNAs), are frequently 24-31 nt in length, map to distinct genomic regions and share a high preference for 5 Uridine (Aravin et al., 2006 (Aravin et al., , 2007 Grivna et al., 2006) . In germline development, PIWI/piRNA complexes mediate the self-renewal of germline stem cells and maintain genomic integrity through suppression of mobile genetic elements and retrotransposons, such as long interspersed nuclear elements-1 (LINE-1) (Unhavaithaya et al., 2009; Marchetto et al., 2013) .
The human PIWI subfamily comprises HIWI (PIWI-LIKE 1), HILI (PIWI-LIKE 2), HIWI3 (PIWI-LIKE 3) and HIWI2 (PIWI-LIKE 4). PIWI-LIKE 2 is exclusively expressed in spermatogonia and pre-meiotic spermatocytes (Sasaki et al., 2003) . However, it has been demonstrated to be temporarily activated in somatic cells in response to DNA damages (Lim et al., 2013) Furthermore, PIWI-LIKE 2 reveals ectopic expression in several tumor entities, and its intragenically activated products, such as PL2L60A, are expressed in various types of tumor cell lines (Ye et al., 2010; Gainetdinov et al., 2014) . Potential regulation mechanisms of PIWI-LIKE 2 expression are scarcely investigated. Normally, MILI (the murine homolog of HILI/PIWI-LIKE 2) is exclusively expressed in the spermatogonia and spermatocytes (Sasaki et al., 2003) and in the female oocytes and supporting cells (Lim et al., 2013) .
The aim of this study was to identify epigenetic mechanisms that may underlie the differential expression of PIWI-LIKE 2 in germ line and somatic tissues by analyzing the basal promoter methylation of PIWI-LIKE 2 and the effects of a modification of this methylation by 5 -Aza-2 -deoxycytidine treatment in two different in vitro models, TCam-2 and NT2/D1 cells.
MATERIALS AND METHODS

Cell Culture
Cell lines used for the experiments were the following: TCam-2, a human seminoma cell line with characteristics similar to spermatogonia; and NT2/D1, a human teratocarcinoma cell line with characteristics and gene expression profiles similar to cultured human embryonic stem cells. TCam-2 cells were grown in RPMI 1640 GlutaMAX TM supplemented with 10% fetal calf serum (FCS) and 1% penicillin/streptomycin. NT2/D1 cells were cultivated in DMEM GlutaMAX TM supplemented with 10% FCS and 1% penicillin/streptomycin. The cells were grown as monolayer at 37 • C in a 5% CO2 humidified incubator.
-Aza-2 -Deoxycytidine Treatment
For 5 -Aza-2 -deoxycytidine treatment TCam-2 and NT2/D1 cells were plated in a concentration of 4×10 5 cell in corresponding cultivation medium supplemented with 5 µM or 10 µM 5 -Aza-2 -deoxycytine (Sigma Aldrich, Taufkirchen, Germany) for 72 h, afterward DNA, RNA and protein was isolated as described. DMSO served as vehicle control.
DNA Isolation
Genomic DNA was isolated from each cell line with and without treatment of 5 -Aza-2 -deoxycytidine. DNA was isolated using MasterPure TM Complete DNA Purification Kit (Epicentre, United States) according to the manufacturer's instructions. Extracted DNA was quantified using the BioPhotometer (Eppendorf, Hamburg, Germany) and the purity was determined by OD260/OD280 ratio.
Bisulfite Sequencing PCR (BSP)
Five hundred nanograms genomic DNA was treated with sodium bisulfite using the EpiTect Bisulfite Kit (Qiagen, Hilden, Germany). Bisulfite treatment converts unmethylated cytosines into uracils while leaving methylated cytosines unmodified. During PCR amplification the generated uracils are converted to thymidine. The methylation specific primers were designed using MethPrimer software 1 . DNA Primers are listed in Table 1 . 50 ng sodium bisulfite treated DNA was used for each PCR reaction. PCR was performed under following conditions: 95 • C for 5 min, followed by 35 cycles of 95 • C for 30 s, 60 • C for 30 s and 72 • C for 30 s. Purified PCR products were cloned into a pCR2.1 vector and ten clones from each sample were submitted to SEQLAB Sequencing Laboratories (Göttingen, Germany) for sequencing analysis. DNA methylation data were analyzed using BiQ Analyzer Software (Max Planck Institute, Munich, Germany).
Cloning and Sequencing
Different PIWI-LIKE 2 upstream regulating regions were generated using PCR (Primers listed in Table 1 ). Products were ligated into a pCR2.1 vector according to the manufacturer's protocol (Life Technologies, Germany). Plasmids were checked for the correct inserts using BigDye R Terminator v1.1 Cycle Sequencing Kit by ZMG. 5 µg Plasmid DNA, including Basic pGL4.10[luc2] vector, were digested with Hind III and XhoI (1 U/µl) for 2h at 37 • C. Digest was analyzed using 1% agarose gel and purified using the DNA Gel Extraction Kit (Thermo Fisher, Germany). Fragments were subcloned into pGL4.10[luc2] vector according to the manufacturer's instructions and validated using sequencing analysis. 
In vitro Methylation
One microgram Xho I/HindIII digested DNA was treated for 4 h with M.SssI methylase (4 U/µl, NEB) according to the manufacturer's protocol. In vitro methylation was controlled by BSTU I digest at 60 • C for 1 h. Fragments were ligated into a pGL4.10[luc2] vector (Promega, Mannheim, Germany) and used for luciferase reporter assays.
Quantitative RT-PCR
Total RNA was extracted from cell lines using TRIzol according to the manufacturer's instructions. 1 µg of the total RNA was reverse transcribed using RevertAid H Minus First Strand cDNA Synthesis Kit (Life Technologies, Germany). Quantitative PCR was performed using the MyiQ Real Time PCR Detection System (Biorad, Germany). PIWI-LIKE 2 (Hs01032719_m1) TaqMan Primers targeting exon 4-5 were used for the detection of PIWI-LIKE 2 expression. GAPDH was used as reference gene (fw: 5 -CAAGGTCATCCATGACAACTTTG-3 and rv: 5 -GTCCACCACCCTGTTGCTGTAG-3 ). The data were normalized to GAPDH levels, and levels of PIWI-LIKE 2 mRNA were determined using the 2 − Ct method.
Protein Isolation
Proteins were isolated from TCam-2 cells and NT2/D1 cells by RIPA buffer 50 mM TRIS-HCl pH 8, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS + 1 unit of protease inhibitor cocktail (Roche, Mannheim, Germany). The lysates were incubated for 10 min at 4 • C, followed by a 10 min centrifugation step at 13,000 rpm, 4 • C. The supernatant was used for western blot analysis. The protein concentration was determined by BCA Protein Assay Kit (Biorad, Germany).
Western Blot
For protein analysis, we used the Novex Mini Cell Electrophoresis (Life Technologies, Germany) and Mini Trans-Blot system (BioRad, Germany). Protein was prepared by standard protocols and electrophoresed at 125 mA for 60 min. Gels were blotted onto a polyvinylidene fluoride membrane in a BioRad blotting chamber for 2 h at 200 V at 4 • C according to published protocols. After the membrane had been blocked in PBSTM (phosphatebuffered saline, 0.1% v/v Tween 20, 5% low fat milk powder), it was incubated in a solution containing primary antibodies raised against PIWI-LIKE 2 (ab181340, 1:5000, Abcam, Germany) or ß-ACTIN (AC-15 mouse antibody, 1:10,000, Sigma-Aldrich, Germany) at 4 • C overnight. Secondary antibody (anti-rabbithorseradish peroxidase [HRP] , DAKO, Germany) incubation in a 1:10,000 dilution was applied for 1 h at RT. Finally, the membrane was incubated in 1 ml Amersham ECL prime Western Blot detection system and the signal was detected by using Kodak X-Ray film (Kodak, Germany).
Luciferase Reporter Assay
The PIWI-LIKE 2 fragments used in the luciferase reporter assays were amplified by PCR (primers including XhoI and HindIII recognition sites listed in 
RESULTS
Identification of PIWI-LIKE 2 Promoter
Firstly, we analyzed the region upstream of PIWI-LIKE 2 transcription start site (TSS) to identify a putative promoter as well as target sites for CpG methylations that might contribute to gene expression regulation. Using PromoterScan1.7 Software 2 we identified the region +4 bp to +254 bp adjacent to the PIWI-LIKE 2 TSS containing a putative promoter. Further analysis of the selected region using MethPrimer Software 3 showed the occurrence of 41 CpG dinucleotides set in a CpG island. All of these CpG sites were located within the −300 to +300 bp region relative to the TSS of PIWI-LIKE 2 ( Figure 1A) . We investigated the methylation status of the PIWI-LIKE 2 promoter using bisulfite sequencing. The basal levels of PIWI-LIKE 2 promoter methylation differ in the analyzed cell lines. In the seminoma cell line TCam-2, the PIWI-LIKE 2 promoter is heavily methylated (85%), whereas in the pluripotent embryonal carcinoma cell line NT2/D1, the PIWI-LIKE 2 promoter exhibits a low promoter methylation (22%) (Figure 1B) .
PIWI-LIKE 2 Expression Is Induced by 5AzadC in TCam-2
Next, we tested whether the basal PIWI-LIKE 2 mRNA expression correlates to the CpG promoter methylation in both analyzed human cell lines. mRNA expression was analyzed using qRT-PCR, and cT (cycle threshold) values from three independent experiments were taken to assess mean PIWI-LIKE 2 mRNA expressions calculated by the 2 − Ct method with normalization to GAPDH mRNA expression. We found that the expression of PIWI-LIKE 2 mRNA was 52 times higher in NT2/D1 cells (2 − Ct mean = 5.14 * 10 −4 ) compared to TCam-2 cells (2 − Ct mean = 9.77 * 10 −6 ; p = 0.01) (Figure 2A) . This difference in mRNA expression could be explained by a different methylation status of both cell lines. Furthermore, the induction of PIWI-LIKE 2 expression by the demethylating agent 5 -Aza-2 -deoxycytidine (5AzadC) was analyzed in the used cell lines. Treatment of TCam-2 cells with 10 µM 5AzadC led to a 50 times enhanced expression of PIWI-LIKE 2 mRNA (2 − Ct mean = 4.89 * 10 −4 ; p = 0.027) compared to the basic 2 www-bimas.cit.nih.gov/molbio/proscan/ 3 http://www.urogene.org/methprimer/ mRNA expression. Protein expression of PIWI-LIKE 2 was measured in TCam2 after 72 h incubation with and without 5AzadC ( Figure 2B ). PIWI-LIKE 2 protein expression was increased with rising 5AzadC concentration (5 µM-10 µM; lane 3,4) compared to the vehicle control (lane 2). An increase of protein products with 130 kDa, 110 kDa, 80 kDa, and 60 kDa could be detected. Different molecular weights could point out on PIWI-LIKE 2 splice variants of different length and modifications. Neither PIWI-LIKE 2 mRNA expression (2 − Ct mean = 5.51E-04) nor protein expression (not shown) was changed after treatment with 5AzadC in NT2/D1 cell line. Next, we examined the impact of 5AzadC on PIWI-LIKE 2 promoter methylation status in NT2/D1 and TCam-2 cell lines. Treatment with 5AzadC led to a decrease in methylation of the CpG dinucleotides located within the −130 to +65 bp region in TCam-2 and reduced the overall methylation of the investigated promoter segment from 85 to 73% (Figure 3) . NT2/D1 cell line exhibited no decrease in methylation status of the analyzed promoter site. These results suggest that basal methylation of PIWI-LIKE 2 depends on the origin of the cell line. Treatment of cells with 5-AzadC allows a partial demethylation of the PIWI-LIKE 2 promoter. Of interest, knockdown of PIWI-LIKE 2 in either NT2/D1 or TCam-2 cells resulted in a significant reduction of proliferation (−48.2 and -19.6%, respectively, compared to untreated control) and cell vitality (−62.9 and −30.6%, respectively) and in a significant induction of apoptosis (+1351% and + 716%, respectively; see Supplementary Figure 1, 2) .
In vitro Activation of PIWI-LIKE 2 Promoter
Next, we addressed the question whether the PIWI-LIKE 2 promoter can be activated in vitro and if the activation could be silenced by methylation of CpG-sites within this sequence. Therefore, six promoter fragments of different length and location were generated (A-F; see Figure 4) . We assumed the region 2000 bp downstream of the TSS of the PIWI-LIKE 2 full length variant to potentially regulate PIWI-LIKE 2 transcription (Fragment A). Furthermore, we designed shortened promoter fragments containing up to 600 bp downstream of the TSS. Promoter fragment E represented the region around the predicted CpG island and putative promoter site (−300 bp to +300 bp). Fragments were cloned 5 of a luciferase gene and transfected into the embryonal carcinoma cell line NT2/D1 and the seminoma cell line TCam-2. A constitutive Renilla luciferase expressing pGL4.74 plasmid was co-transfected for normalization. Luciferase activity was strongly induced by the PIWI-LIKE 2 full length promoter fragment compared to the empty reporter construct. After 48 h of transfection there was a 35fold (p = 0.007) increase in TCam-2 and 10fold activation in NT2/D1 (p = 0.001). The shortened promoter fragment D leaded to an induction as well. There was a three fold induction in TCam-2 (p = 0.049) and a 6.5fold increasing of luciferase activity in NT2/D1 (p = 0.034). The CpG island containing fragment E showed an eightfold activation of luciferase expression in NT2/D1 (p = 0.0002) and a threefold activation in TCam-2 (p = 0.014). Transfection of in vitro methylated promoter fragments resulted in a reduced luciferase activity for all fragments.
DISCUSSION
DNA methylation is highly dynamic in mammalian germ cells during development. Maternal and paternal genomes are differentially marked and must be properly reprogrammed before the primordial germ cell enters the germinal ridge (Santos et al., 2002; Sasaki and Matsui, 2008; Messerschmidt et al., 2014) . DNA methylation as epigenetic modification of the mammalian genome has widespread influences on gene expression. PIWI-LIKE genes are known to be involved in germ cell specification and maturation. MIWI2 (the murine homolog of human PIWI-LIKE 4) is expressed in the prepachytene phase of spermatogenesis during the period of de novo methylation. It has been detected in the nucleus, where it acts directly on transposable elements repression on DNA level via . The luciferase reporter assays were performed 48 h after transfection with the indicated PIWI-LIKE 2 promoter fragments of different length and location and a renilla transfection control plasmid, which was co-transfected. An empty luciferase vector served as control and was set to an expression of 1 (dashed line). Respective PIWI-LIKE 2 promoter constructs after in vitro methylation were also transfected. The data shown are means ± SD of three independent experiments. * P < 0.05, * * P < 0.01, Student's t-test.
the piRNA metabolic process. Inactivation of MIWI2 leads to male sterility due to an early meiotic arrest, which correlates with retrotransposon derepression (Carmell et al., 2007; Aravin et al., 2008; Fazio et al., 2011) . PIWI-LIKE 1 and PIWI-LIKE 2 associate with primary piRNAs in the cytoplasm and are required for the PIWI-LIKE 4 nuclear localization and association with secondary piRNAs antisense (Aravin et al., 2006 (Aravin et al., , 2007 Reuter et al., 2011) . The piRNA process acts upstream of known mediators of the DNA methylation. Besides their function in transposable elements repression, piRNAs are probably involved in other processes during meiosis, such as translation regulation (Thomson and Lin, 2009 ). PIWI-LIKE 2 is completely repressed in somatic cells and, during development, silenced at post-meiotic stages. In this study, we wanted to investigate promoter DNA methylation as potential mechanism for expression control of PIWI-LIKE 2. A high density of CpG sites spanning the region at about −300 bp to +300 bp relative to the PIWI-LIKE 2 full length TSS makes an epigenetic regulation conceivable. PIWI-LIKE 2 promoter is hypomethylated (22%) in NT2/D1, but highly methylated in TCam-2. Concomitantly, NT2/D1 shows a higher basal mRNA expression. These results suggest CpG methylation status of PIWI-LIKE 2 correlates with its expression. Neither CpG methylation nor mRNA and protein expression was changed in NT2/D1 after demethylation treatment via 5 -Aza-2 -deoxycytidine (5AzadC). This indicates an open chromatin status on the PIWI-LIKE 2 promoter in this cell line, which is not altered and enables a higher PIWI-LIKE 2 expression in comparison to TCam-2. However, it is of note that although most of the clones analyzed in NT2/D1 were hypomethylated, 2 of 10 (basal methylation state) or 3 of 9 (after 5AzadC treatment) were hypermethylated in a way which is comparable to T-Cam2. This observation seems to stand in contradiction to the proposed hypomethylation of the PIWI-LIKE 2 promoter in cell types or lines with a higher differentiation potential. However, one may speculate that during the cultivation and treatment of the NT2/D1, in single cells the differentiation process was induced unintentionally. The observed hypermethylation of the PIWI-LIKE 2 promoter may in this context be another indication for silencing of PIWI-LIKE 2 expression as an very early event during germ cell differentiation.
In TCam-2, 5AzadC treatment leads to a significant increase of PIWI-LIKE 2 mRNA and protein, but a comparable low overall promoter demethylation (85-73%). Interestingly, almost only CpG dinucleotides spanning the PIWI-LIKE 2 promoter region from −130 nt to +65 nt are partially demethylated. Either this region is relevant for PIWI-LIKE 2 expression regulation or a splice variant could potentially be activated, which is not regulated by the investigated 41 CpG islands and has another promoter site. Gainetdinov et al. (2014) demonstrated the presence of 60 kDa (PL2L60A) and 80 kDa (PL2L80A) isoforms of PIWI-LIKE 2 in testicular cancer cell lines including NT2/D1. Furthermore, they identified alternative TSSs within the PIWI-LIKE 2 sequence. These were mapped to exon 5 and exon 7 and can be activated in vitro. Beyond, there is evidence for the existence of PIWI-LIKE 2 splice variants by isoforms with 50 kDa (PL2L50) and 40 kDa (PL2L40) (Ye et al., 2010) . Recently, an intragenic promoter in intron 10 of the PIWI-LIKE 2 genomic sequence regulating a 60 kDa isoform was identified in human cells and verified in luciferase reporter assays (Liu et al., 2017) . Here, we show that the full length PIWI-LIKE 2 promoter and promoter fragments surrounding the TSS of full length PIWI-LIKE 2 are able to drive luciferase expression in human cell lines. The activation was markedly reduced after in vitro methylation of these fragments. The data indicate that in humans DNA methylation is able to induce epigenetically silencing of PIWI-LIKE 2 expression. Furthermore, it suggests the region around the TSS and exon 1 is subject of epigenetic regulation.
Our data exhibit a high mRNA expression but low overall CpG demethylation in TCam-2. Furthermore, we observed a decreased proliferation and cell vitality and an increased apoptosis induction upon suppression of PIWI-LIKE 2 expression in both NT2/D1 and TCam-2. Analogously, insufficient PIWI-LIKE 2 expression is associated with male infertility in mouse and human (Kuramochi-Miyagawa et al., 2004; Kuramochi-Miyagawa et al., 2008; Heyn et al., 2012) . In human, the dysfunction was associated with the hypermethylation of PIWI-LIKE 2 promoter and its interacting factor TDRD1 and resulted in a disrupted production of piRNAs and a hypomethylation of the LINE-1 repetitive sequences in patients affected with spermatogenic arrest (Heyn et al., 2012 ). An proposed association of single nucleotide polymorphisms (SNPs) in the PIWI-LIKE 2 gene with spermatogenic failure (Gu et al., 2010) has not been re-analyzed in other male infertility patient cohorts so far.
CONCLUSION
In conclusion, PIWI-LIKE 2 is essential for the germline integrity and self-renewal of stem cells. Therefore, it may be an interesting target for the prediction of fertilization rates and embryo development in assisted reproductive techniques (ART). Thus, the methylation profile of PIWI-LIKE 2 and its corresponding expression could potentially provide further predictive information for clinical decisions.
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